Objective: To determine the extent to which deficits associated with autism spectrum disorder (ASD) in toddlers with tuberous sclerosis complex (TSC) overlap with those in toddlers with nonsyndromic ASD (nsASD) and to examine cognitive function and epilepsy severity in toddlers with TSC and comorbid ASD. This is the endpoint analysis from a longitudinal investigation of ASD risk factors in children with TSC.
Tuberous sclerosis complex (TSC) is an autosomal dominant genetic disorder resulting from a TSC1/TSC2 mutation, leading to widespread growth of hamartomas in multiple organ systems, including the brain. 1 Children with TSC are at high risk for neuropsychiatric syndromes that include developmental delay, intellectual disability (ID), mood disorders, and autism spectrum disorder (ASD), collectively referred to as TSC-associated neurocognitive deficits. 2, 3 In fact, TSC is one of the most commonly occurring single-gene disorders associated with ASD. [4] [5] [6] Given the high rate of ASD in TSC and the fact that TSC is often diagnosed in utero or in early infancy, 7 TSC has been considered a model system for understanding mechanisms underlying ASD. [8] [9] [10] [11] However, the specific phenotypic profile of ASD in TSC and the extent to which it converges with nonsyndromic ASD (nsASD) has not been well-established. 12, 13 The current study, which represents the endpoint analysis from a longitudinal investigation of autism risk factors in children with TSC, 14 had 2 primary aims: first, to determine the extent to which deficits associated with ASD in TSC overlap with those in toddlers with nsASD by examining item-level symptom profiles from a play-based diagnostic measure; and second, to examine cognitive profiles and epilepsy characteristics of toddlers with TSC and ASD. Given our findings of nonverbal cognitive slowing predicting ASD in children with TSC, we hypothesized that a distinctive autism symptom profile would emerge in TSC that would differentiate these toddlers behaviorally from those with nsASD. Moreover, we hypothesized that children with TSC and ASD would demonstrate greater epilepsy severity and greater cognitive impairment than those without ASD. METHODS Procedures. The data from the TSC and typically developing (TD) children are gathered from a longitudinal study of behavioral and electrophysiologic characteristics in children with and without TSC, aged 3-36 months. Recruitment and testing were performed at the University of California, Los Angeles (UCLA) Center for Autism Research and Treatment and Boston Children's Hospital (BCH) Laboratories of Cognitive Neuroscience. Data from the ASD cohort were collected from a study of toddlers with nsASD through the UCLA Autism Center of Excellence (PI Kasari). Participants were recruited from an early intervention (EI) program prior to the start of intervention. Parents were provided with a consent form if their child was younger than 36 months, had a clinical diagnosis of ASD confirmed by independent testers with the Autism Diagnostic Interview-Revised 15 and the Autism Diagnostic Observation Schedule (ADOS), 16 had no significant physical disabilities, and parent and child were available for follow-up assessments. All assessments were administered prior to the onset of intervention.
Standard protocol approvals, registrations, and patient consents. For the TSC and TD samples, institutional review board (IRB) approval was obtained from the UCLA and BCH sites (UCLA IRB no. 11-002349; BCH IRB no. P00001144). All families gave informed consent before participation. The nsASD sample signed consents for their data to be used for future research (UCLA IRB no. 11-000032).
Participants. TSC diagnosis was based on clinical presentation.
Genetics reports were available for 31/44 (70%) children. TD exclusion criteria included prematurity, birth trauma, developmental concerns, or immediate family history of neurodevelopmental disorders. The mean age of the nsASD cohort (n 5 82 months, mean age 31.4 months, range 19-36 months) did not differ from the mean age of the TSC cohort (n 5 44 months, mean age 32.1 months, range 23-39 months, p 5 0.44), while the TD cohort (n 5 18 months, mean age 28.7 months, range 24-37 months) was significantly younger (p 5 0.02 and p , 0.01, respectively). There were significant differences in sex, with the ASD cohort being 83% male, the TSC cohort being 62% male, and the TD cohort being 39% male (x 2 5 16.0, p , 0.01).
Epilepsy data. Data regarding epilepsy were gathered from interim medical questionnaires from parents and review of medical records when available. Given the variability in clinical epilepsy data available across studies, we drew from a standardized measure of epilepsy severity, The Early Childhood Epilepsy Severity Scale, which has been used to quantify epilepsy severity in children with TSC. 17 Variables included age at seizure onset, number and identity of antiepileptic drugs, frequency of seizures (daily, weekly, monthly), treatment response (fully controlled, partially controlled, refractory), and presence of infantile spasms. Epilepsy data were gathered at each assessment time point.
Behavioral testing. TSC and TD. The Mullen Scales of Early Learning (MSEL) is a standardized cognitive measure for children 0-69 months of age, testing gross motor, fine motor (FM), visual reception (VR), receptive language (RL), and expressive language (EL) function. Raw scores were converted to age-standardized T scores, which facilitates the distinction between normative and non-normative development. A developmental quotient (DQ) was also calculated based on an average of the FM, VR, RL and EL scores. 18 The ADOS is a semi-structured, play-based assessment with standardized probes and scoring for social interaction, communication, repetitive behaviors, and play. The ADOS has been demonstrated to have excellent interrater reliability among formally trained examiners. 19 ASD diagnoses were determined on the basis of children meeting criteria for ASD on the ADOS using the revised algorithm along with clinical judgment. 20 Statistical methods and results. For the first set of analyses, 4 groups were identified: TSC/ASD (n 5 18), TSC/no ASD (n 5 18), nsASD (n 5 82), and TD (n 5 16).
Cognitive measures. Repeated-measures analysis of variance (ANOVA) was performed, with the between-subjects factor of group (TSC/no ASD, TSC/ASD, nsASD, TD) and withinsubjects factor of cognitive domain (FM, VR, RL, EL).
ADOS profile analysis. We performed a repeated-measures ANOVA with the between-subjects factor of group and within-subjects factors of each ADOS item in the social communication and repetitive behavior/restricted interest domains. Post hoc analyses were performed by comparing mean ADOS scores and item 3 group interaction between all pairs. The items included in the ADOS included the Reciprocal Social Interaction items and the Restricted and Repetitive Behaviors items.
TSC/ASD clinical characteristics. For the TSC-specific analyses, only 2 groups were compared: TSC/ASD vs TSC/no ASD. Independent-samples t tests were performed to compare groups on MSEL domain T scores (FM, VR, EL, RL) and overall standard score (DQ). Independent-samples t tests were used to compare groups on continuous variables including age at onset of seizures and number of antiepileptics; x 2 tests were used to compare groups based on categorical variables: history of active spasms, frequency of seizures (daily, weekly, monthly), and treatment response (controlled/no seizures, partially controlled/reduced seizure frequency, refractory/no change in seizure frequency).
RESULTS
Cognitive function. Data from 16 TD, 82 ASD, and 36 TSC were collected. Of the 36 toddlers with TSC, 18 (50%) met criteria for ASD. The mean age of each group was as follows: TD: 29.2 months (SD 6.1); nsASD: 31.4 months (SD 3.2); TSC/no ASD: 34.6 months (SD 3.9); and TSC/ASD: 32.0 months (SD 5.8). In a profile analysis of the 4 groups, there were main effects of cognitive domain (F 3,390 5 8.3, p , 0.01) and group (F 3,130 5 26.8, p , 01) but no group 3 domain interaction (F 9,390 5 1.6, p 5 0.11), suggesting that while the overall level of cognition differed among the 4 groups, there was no unique profile of cognitive impairment associated with each group. Post hoc analyses of the group effect showed that while the estimated marginal mean of the cognition scores of the TD group (EMM 56.1) was significantly higher than any of the other groups (TSC/no ASD: EMM: 41.6, p , 0.01; nsASD: EMM: 30.8, p , 0.01; and TSC/ASD: EMM: 26.9, p , 0.01), and TSC/no ASD was significantly higher than nsASD (p , 0.01) and TSC/ASD (p , 0.01), there was no significant difference in cognition between the nsASD and the TSC/ ASD cohort (p 5 0.19) (figure 1).
Autism features. The ANOVA was performed controlling for DQ. Only participants with both a DQ score and an ADOS module 1 were included, yielding a sample of 8 TD, 81 nsASD, 12 TSC/no ASD, and 17 TSC/ASD. There were significant differences in DQ among these 4 subsets of participants (F 3,114 5 8.8, p , 0.01; TD: mean 99.6, SD 21.6; nsASD: mean 68.6, SD 20.6; TSC/no ASD: mean 73.8, SD 15.0; and TSC/ASD: mean 57.4, SD 14.23). There was a significant main effect of group (F 3,121 5 34.06, p , 0.0001) and a factor 3 group interaction (F 3,121 5 33.6, p , 0.001) (figure 2). Post hoc analyses (table 1) revealed that these group and group 3 item effects were driven by a difference between TSC/ASD and TSC/no ASD, TSC/ASD and TD, and nsASD and TD. There were no significant differences between nsASD and ASD/TSC in the mean or pattern of ADOS scores and no significant differences between TD and TSC/no ASD ( figure 2 and table 1 ). See figure e-1 on the Neurology ® Web site at Neurology.org for the range in item scores by group.
TSC/ASD characterization. Of the children with TSC with ASD, 68.2% (n 5 15) had genetic testing; of those, 73.3% (n 5 11) had mutations in the TSC2 gene, and 26.7% (n 5 4) had mutations in the TSC1 gene. Of the TSC/no ASD children, 68.2% (n 5 16) had genetic testing; of those, 93.7% (n 5 15) had mutations in the TSC2 gene, and 6.3% (n 5 1) had mutations in the TSC1 gene. There were significant differences in all MSEL domain scores between ASD and no ASD in TSC, with the ASD group showing significantly more impairment across domains (see figure e-2). There were no significant differences in epilepsy characteristics between groups (see table 2 and table e-1). DISCUSSION We examined symptom profiles of ASD in toddlers with TSC in order to determine if (1) there were distinctive social communication profiles that characterized this genetic syndrome, (2) global developmental delay would confound the identification of autism symptoms, and (3) epilepsy severity differed based on ASD diagnosis. TSC has long been considered an ideal model to study the development of ASD, not only because of the high prevalence of ASD in TSC but also because TSC is often diagnosed prior to the onset of atypical development. ASD is a behavioral, not etiologic, diagnosis based on core deficits in social communication function and the presence of repetitive behaviors and restricted interests. With advances in molecular diagnostic methods, an increasing number of genetic etiologies have been identified that lead to an ASD diagnosis, with up to 20% of children with ASD diagnosed with a causative genetic variant. 21 However, few studies have examined whether nosologically distinct syndromes demonstrate convergence in autism symptoms, particularly in comparison to children with nsASD. Were we to identify behaviors that may distinguish specific syndromes, we would be able to develop more targeted intervention strategies that are, in fact, rooted in etiologic subgroups and not simply based on diagnostic classifications. In our prospective study of children with TSC, we found that developmental slowing in nonverbal cognition predicted ASD, highlighting the strong comorbidity of developmental delay and ASD in TSC, 14 and raising the question of whether ASD in TSC actually reflects a more global cognitive impairment rather than specific deficits in social communication. To examine social communication profiles, we used the ADOS, a standardized play-based assessment, with a calibrated severity score metric. 20 The ADOS is a play-based measure of social communication skills that takes age and language level into account in the quantification of discrete skills, such as pointing, gestures, eye contact, and shared enjoyment. While not required for diagnostic purposes in the clinical setting, the ADOS is widely used by researchers and clinicians because of its reliability and ability to detect impairments that may be missed in a diagnostic interview or a brief clinical evaluation. ASD diagnosis on the ADOS results from a threshold score, but this threshold can be reached through a wide range of item-level scores. Therefore, the ADOS has the Table 1 Item Repeated-measures analysis of variance was used to obtain mean difference and pattern difference in the ADOS between groups.
Figure 2
Item-level comparison of Autism Diagnostic Observation Schedule (ADOS) scores across 4 groups: Typically developing (TD), tuberous sclerosis complex (TSC)/no autism spectrum disorder (ASD), nonsyndromic ASD (nsASD), and TSC/ASD Item-level ADOS profiles for each group: TD, TSC/no ASD, nsASD, TSC/ASD. potential to detect subtle differences in behaviors across the spectrum of autism. Fifty percent of our TSC cohort met criteria for ASD, consistent with prior studies in TSC. 5, 14 Results revealed that children with TSC and ASD demonstrate a profile of social communication impairment that, at the behavioral level, was virtually identical to that of children with nsASD; indeed, there were no individual markers that distinguished the 2 groups. This convergence was observed in the context of high comorbidity between ASD and cognitive impairment in both the TSC/ASD and nsASD groups. The comorbidity of ASD in TSC has been well-established in retrospective, [22] [23] [24] prospective, 5, 14, 25 and meta-analytic 6 studies. To date, most studies in TSC have focused on older age groups, treating ASD as a categorical outcome for classification, and they have relied on parent report for diagnoses, which can be limited in a child with multiple medical challenges that may obscure the parent's attention to subtle developmental manifestations. Our results reinforce the utility of the ADOS as a diagnostic measure for ASD in TSC, as it does differentiate groups based on ASD diagnosis. The striking convergence of autism symptoms in TSC/ASD and nsASD despite the variability in pathways to those deficits suggests either that the mechanisms underlying social communication delays may not lead to the expression of distinct behavioral phenotypes (in other words, these behaviors are truly "final common pathways") or that behavioral measures alone may not capture subtle, yet meaningful, distinctions in abilities that may further guide intervention strategies and treatment targets. It is also possible that at this early developmental stage, when diagnoses are just being made, the range of potential social and communicative behaviors is narrow, and so symptoms do not differentiate etiologic subtypes. The differentiation may occur later in development, as comorbidities emerge and the effect of ID on later development becomes more pronounced.
However, contrary to that hypothesis, there exist both neural and behavioral data in older children that point toward ongoing convergence between TSC/ASD and nsASD, potentially suggestive of a final common pathway to social communication impairments. Using EEG, common alterations in network topology have been found in TSC/ASD and nsASD, marked by reduced long-over short-range coherence in individuals across a wide age range (infancy through to young adulthood). 26 At the behavioral level, there is a higher degree of convergence between parent-reported ASD symptomatology in children (at approximately 10 years of age) with TSC and nsASD than other high-risk groups (such as Down syndrome and Klinefelter syndrome). 27 Our findings extend this line of research to show item-level convergence based on direct observation in social communication deficits between TSC/ ASD and nsASD within the first 3 years of life. We also directly examined epilepsy and cognitive function in toddlers with TSC who did and did not meet criteria for ASD in order to highlight potential pathways contributing to the manifestation of ASD in TSC. There exists a rich literature supporting the comorbidity of epilepsy and neurodevelopmental disorders in TSC. 2, 4, 28 In particular, early seizure onset and the presence of infantile spasms have been strongly associated with neurodevelopmental and cognitive impairment, leading to the question of the temporal relationship of epilepsy and neurodevelopmental disorders in TSC. 13 While there was a trend towards greater epilepsy burden in the TSC/ASD group, based on higher rates of infantile spasms and earlier age at seizure onset, the results were not statistically significant. In part this lack of significance may reflect small sample size. The absence of a significant difference also may be rooted in the fact that most children had an epilepsy diagnosis, therefore limiting the variability of the epilepsy characteristics. Most likely, these data support the contention that more refined measures of epilepsy and underlying neurophysiologic status are required to understand the relationship between epilepsy and ASD. They also highlight the fact that other neurobiological factors (such as tuber burden, connectivity, or genetic background) likely contribute to the neurodevelopmental sequelae of TSC.
Finally, the TSC/no ASD group requires further consideration. Despite demonstrating similar epilepsy burden, these toddlers maintained higher cognitive skills than either of the 2 ASD groups and demonstrated typical social communication symptom profiles. The nature of the longitudinal study design and early recruitment may select for higher functioning children who may otherwise go unmonitored by their clinicians. This cohort affords a unique and valuable opportunity to identify the behavioral or neurobiological factors (such as genetic background), and resulting compensatory mechanisms, that may distinguish these children early in infancy and may explain their fairly preserved neurodevelopmental function. Such insight could inform strategies to improve outcomes in those children without these protective or compensatory factors.
Our results reinforce the need for developmental screening of all children with TSC, with particular attention to features of ASD within the first 3 years of life. Moreover, these findings necessitate a study of EI in toddlers with TSC, with treatment strategies targeting social communication function, with a direct comparison of outcomes from various autism interventions and, perhaps, across subgroups within the autism spectrum. Given the high rate of ASD and the emergence of cognitive delays in the first 2 years of life, intervention studies may need to take a tiered approach, with an initial goal of supporting global developmental domains followed by more targeted, developmentally informed approaches that focus on social communication skills, prior to the onset of autism symptoms.
